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The initiation and elongation phases of (0)-strand RNA synthesis in vitro by the brome mosaic virus RNA-dependent RNA
polymerase (RdRp) are differentially sensitive to inhibitors. In an attempt to characterize further the transition RdRp makes
from initiation to elongation, we determined the conditions needed to pause the ternary complex and complete only one
round of RNA synthesis. During the transition we were able to discern step-wise increases in the affinity of RdRp for RNA
by measuring sensitivity to heparin and competition for RdRp by an alternative template. Three distinct stability levels of
RdRp–template interactions were found. The first stable RdRp–RNA complex was observed when RdRp bound to the RNA
template. A further increase occurred when RdRp synthesized the first phosphodiester bond. A final increase occurred
upon formation of between 3 and 13 phosphodiester bonds. After this last transition, RdRp appeared to be tightly committed
to the template RNA. These results are analogous to the mechanism of action of DNA-dependent RNA polymerases and
are relevant to protein–RNA interaction and template switching by an RdRp. q 1997 Academic Press
INTRODUCTION strand RNAs, designated RNA1, -2, and -3, and a subgen-
omic RNA4 which is transcribed through internal initia-
The central machinery in the replication of viral RNAs tion from the (0)-strand copy of RNA3 (Ahlquist, 1992).
is the usually membrane-bound RNA-dependent RNA The four BMV RNAs each contain a highly conserved 3*
polymerase (RdRp) complex. RdRp is an interesting class region which can fold into a tRNA-like structure that is
of polymerase since it usually initiates RNA synthesis de required to direct the synthesis of (0)-strand RNA (Ahl-
novo from the ends of RNA templates (Ishihama and quist et al., 1981; Dreher and Hall, 1989). In vitro, RNA
Nagata, 1988). Working close to the end of a template of less than 200 nucleotides containing the conserved
may present topological difficulties for a polymerase and tRNA-sequence is sufficient to direct RNA synthesis
may require mechanistic adaptations. Compared to other (Dreher and Hall, 1988). RNA1 and -2 are monocistronic
classes of polymerases (Joyce and Steitz, 1995), relatively and encode the helicase-like 1a (109 kDa) and polymer-
little biochemical detail is presently known about the ase-like 2a (96 kDa) proteins, respectively. RNA3 is dicis-
activities of viral RdRps and their interaction with tem- tronic and encodes the BMV movement and capsid pro-
plate RNA. teins (Ahlquist, 1992). The 1a and 2a proteins and as yet
RNA synthesis by DNA-dependent RNA polymerases unidentified host proteins are complexed within the plant
(DdRp) provides a paradigm for examination of RdRps. endoplasmic reticulum to form the BMV replicase (Re-
The progression from transcriptional initiation to elonga- strepo-Hartwig and Ahlquist, 1996). BMV RdRp can be
tion by DdRp can be functionally separated into the fol- solubilized from membranes of infected barley and will
lowing stages: template binding, promoter localization, synthesize (0)-strand RNAs and subgenomic (/)-strand
melting of the DNA to form a transcriptionally active open RNA from specific exogenously added templates (0)-
complex, nucleotide substrate binding, formation of the strand BMV RNA3 (Hardy et al., 1978, Quadt et al., 1990;
first phosphodiester bond, abortive RNA synthesis, pro- Miller et al., 1985; Marsh et al., 1988; Adkins et al., 1997).
moter clearance, and processive elongation (Reviewed RNAs unrelated to BMV are not utilized as templates by
by McClure, 1985). The progression of these steps is the BMV RdRp. This template specificity provides the
accompanied by changes in the affinity between the poly- opportunity for analysis of the activities of RdRp through
merase and the template. the production of RNA products.
Brome mosaic virus (BMV), a pathogen of cereals, pro- We have previously characterized the initiation of RNA
vides a model system for studies of viral RNA replication. synthesis by RdRp and found evidence in support of an
The BMV genome is composed of three genomic (/)- initiation nucleotide-binding site which can also utilize
GMP and specific small oligonucleotides (Kao and Sun,
1996). In resolving RdRp products generated during (0)-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (812) 855-6705. E-mail: ckao@sunflower.bio.indiana.edu. strand BMV RNA synthesis, we found that an RNA of
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eight nucleotides and several other smaller oligonucleo- reactions were usually extracted with phenol-chloroform
and then adjusted to 0.3 M sodium acetate before precip-tides were generated in molar excess of the full-length
(0)-strand RNA (Sun et al., 1996). These oligonucleotides itation with 10 mg of glycogen and 3 vol of ethanol as
described in Ausubel et al. (1988).are released by the RdRp after synthesis (Sun and Kao,
unpublished data) and hence are abortive initiation prod-
Electrophoresis and quantitation of RdRp productsucts. Synthesis of the 8-nt product was dependent upon
and specific to BMV RNA templates. Furthermore, the
For agarose gel electrophoresis, RdRp products were
addition of heparin to RdRp reactions preferentially inhib-
usually suspended in 1X sample loading dye (5% glyc-
ited the production of the abortive oligonucleotides (Sun
erol, 0.04% bromophenol blue, 0.04% xylene cyanol, and
et al., 1996). Heparin is a polysaccharide of sulfuric acid
10 mg/ml of ethidium bromide) prior to electrophoresis
ester which is anionic in charge. It has been used to
in 1% agarose-0.5X TBE submerged gels (45 mM Tris,
inhibit the initiation of transcription by DNA-dependent
45 mM boric acid, 1 mM EDTA, pH 8.3). The amount of
RNA polymerases (Carposis and Gralla, 1980; Schafer et
CMP incorporated into dsRNA was quantitated using a
al., 1973). Our results with heparin suggest that RdRp not
Molecular Dynamics Phosphorimager. Conversion of the
associated with template RNA can be bound by heparin,
Phosphorimage-derived data to moles of CMP incorpo-
but that once RdRp commits to a template, it is refractory
rated was performed by spotting known amounts of [a-
to heparin. In this communication, we examine more 32P]CTP on a 3 MM Whatman paper and then quantitating
carefully the interaction between BMV RdRp and virion
the [a-32P]CTP along with the samples.
RNAs in the presence of heparin and truncated template
For denaturing gel electrophoresis, samples were sus-
RNAs which can compete for RdRp. The results with
pended in 10 ml of formamide loading solution (90% for-
these competitors defined the interaction between the
mamide, 0.1% bromophenol blue, 0.1% xylene cyanol).
RdRp and the template RNA and further describe stages
The samples were heated at 907 for 3 min prior to loading
in RNA synthesis by a viral RdRp.
onto gels of 20% polyacrylamide (19:1 acrylamide to bisa-
crylamide)–7 M urea gels. Gels were run at 400 V 1–2
MATERIALS AND METHODS hr before loading of the samples and then electrophore-
sis was continued at 400–500 V until bromophenol blueMaterials
was 4–5 cm from the bottom of the gel. Following electro-
Heparin (Grade II from porcine intestinal mucosa), was phoresis, the gel was wrapped in plastic and autoradio-
purchased from Sigma, Inc. High Performance Liquid graphed at 0807. After visualizing the radiolabeled prod-
Chromatography-purified nucleoside triphosphates were ucts, the oligonucleotides of interest were excised with
purchased from Pharmacia Inc. (NTPs purchased from a razor blade using the autoradiogram as a guide and
other sources were found to be contaminated with other quantified by scintillation counting (Tricarb 2110-TR;
NTPs and were not used in these experiments). BMV Packard, Inc.) in 2-ml aliquots of Bio SafeII solution (Re-
RdRp was prepared from infected barley essentially us- search Products International Corp.).
ing the scheme described by Quadt et al. (1993). Briefly,
RdRp was enriched from membranes of infected barley Synthesis of B3-198
by sequential passage through columns of Sephacryl S-
Polymerase chain reaction (PCR) was used to synthe-400 HR (2.5 1 40 cm) and DEAE Bio-GelA (2.5 1 10 cm).
size a cDNA which encodes the 198 nucleotides at theA 0.5 M KCl eluant from the DEAE Bio-Gel A column was
3* end of BMV RNA3. The 3* oligonucleotide for the PCRpassed through a PD-10 gel filtration column (Pharmacia,
reaction had the sequence of 5*‘ TGGTCTCTTTTAGAG-Inc.) twice in order to remove salt and small molecular
ATTTAC 3*. The 5* oligonucleotide hybridized to the T7weight contaminants. Virion (v) RNA was extracted from
promoter in the cDNA clone of the 3* end of BMV RNABMV virions purified from CsCl density gradients.
3, pB3HE1 (French and Ahlquist, 1988a) and would result
in a DNA fragment capable of generating transcripts inRdRp activity assay
vitro without further cloning. Thirty cycles of PCR were
used for amplification, with each cycle consisting of de-Standard RdRp activity assays were performed in 40
ml vol with buffer containing a final concentration of 50 naturation at 927 for 1 min, annealing at 507 for 0.5 min,
and elongation at 727 for 2 min. PCR products were ex-mM sodium glutamate, 10 mM MgCl, 8 mM dithiothreitol,
0.4% Triton X-100, and 4 mCi of [a-32P]CTP (0.3 mM). When tracted by 1:1 mixture of phenol-chloroform, precipited
with 2 vol of ethanol and used as template for in vitronot varied for a particular reaction, GTP was at 0.5 mM,
ATP at 150 mM, UTP at 30 mM, and vRNAs were at 950 transcription by T7 RNA polymerase (Ampliscribe kit, Epi-
centre Technologies, Inc.). After transcription for 2 hr, thenM. The enriched RdRp (8 mg of total protein) was rou-
tinely used for single reactions. The preparation used for DNA template was destroyed with DNaseI, and the newly
synthesized RNA was purified through Qiagen Tip 20all of our assays contained between 20 and 30 bands
stainable by silver in a SDS–PAGE. After incubation, the column to remove unincorporated NTPs and other small
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molecules according to manufacturer’s protocol. The
transcripts were analyzed by gel electrophoresis to con-
firm their size and were then quantified spectrophotomet-
rically prior to use in RdRp assays.
RESULTS
Formation of heparin-resistant ternary complex
Synthesis of abortive initiation products by the BMV
RdRp is more sensitive to heparin than is synthesis of
elongated products, suggesting that RdRp will progress
from a heparin-sensitive to a heparin-resistant state dur-
ing the transition from initiation to the elongation phase
of RNA synthesis (Sun et al., 1996). An examination of
this transition requires the ability to generate RdRp com-
plexes that have undergone initiation of RNA synthesis,
but that can not complete elongation. Previous studies
with Escherichia coli, T7 and vaccinia DNA-dependent
RNA polymerases (Levin et al., 1987; Diaz et al., 1996;
Hagler and Shuman, 1992, respectively) used the omis-
sion of one or more NTPs to position the polymerase at
specific positions along the template DNA. Using the
BMV vRNA as template, the nucleotides GTP, UTP, and FIG. 1. Preincubation of BMV RdRp on vRNA confers resistance to
heparin. (A) Products theoretically synthesized by RdRp in the presenceCTP would allow the synthesis of nascent RNAs of 10
of different combinations of nucleotides. (B–D) Protocols for the RdRpnucleotides (nt, Fig. 1A). Presumably, the lack of ATP will
reactions and the autoradiogram of the reaction products. The asteriskforce RdRp to pause on the template until ATP becomes
(*) next to CTP denotes that it was the radiolabel used in the polymeriza-
available. An RdRp reaction lacking ATP was incubated tion reaction. lanes 1 and 2 in B were autoradiograms from a denaturing
for 45 min before the reaction was terminated. Half of 20% polyacrylamide gel. The sizes of the RdRp products in nucleotides
(nt) are indicated on the right of the autoradiogram. Lane 3 is from anthe reaction products were analyzed by electrophoresis
autoradiogram from a 1% agarose gel, which shows that no detectableon a denaturing 20% polyacrylamide gel (Fig. 1B, lane 2)
full-products were produces in the absence of ATP. The autoradio-and half on a native 1% agarose gel. No genome-sized
grams in C and D were from native 1% agarose gels. The reactions in
radiolabeled products were observed in the agarose gel C (lanes 1–6) and E (lanes 1–6) were performed in the presence of
(Fig. 1C). However, the expected 10-nt product was easily increasing amounts of heparin: 0, 10, 50, 100, 250, and 500 ng, respec-
tively. The identities of the double-stranded RdRp products generatedidentified as a major product on the denaturing polyacryl-
from vRNAs 1, 2, 3, and 4 are indicated.amide gel, along with the usual assembly of shorter abor-
tive initiation products and RNAs corresponding to 12
and 14-nt (Fig. 1B, lane 2). The putative abortive initiation to heparin inhibition. The first set of reactions was prein-
cubated for 45 min with vRNA and GTP, UTP, and CTP.products of 6 and 8 nt were also observed in a control
RdRp reaction performed with all four NTPs (Sun et al., Then increasing amounts of heparin and ATP were
added to the reactions (Fig. 1C). Should the ternary com-1996; Fig. 1B, lane 1.) However, the RNAs of 10, 12, and
14 nt were unique to the reaction lacking ATP (Fig. 1B, plex be resistant to heparin, the presence of ATP will
allow the completion of RNA synthesis. After agaroselane 1). The RNAs of 12 and 14 nt were unexpected and
might have been formed because low amounts of ATP gel electrophoresis, all samples produced approximately
equal amounts of full-length RNA in the presence of hep-contaminated the reaction. The products are likely to
have been synthesized from BMV vRNA since uridylates arin (Fig. 1, lanes 1–6). A second set of reactions con-
tained RdRp preincubated with only BMV vRNA to whichare present in the corresponding positions in vRNA. The
ATP contamination was apparently minimal since the 12- heparin and all four NTPs were later added. These reac-
tions did not produce full-length RNA in the presence ofnt product was less abundant than the 10-nt product, the
14-nt product was less abundant than the 12-nt product, greater than 50 ng of heparin (Fig. 1D, lanes 4–6, 15).
The results suggest that the synthesis of nascent RNAand products longer than 14 nt were not observed. The
presence of 10- to 14-nt RNAs raises the possibility that of 10–14 nt allows the RdRp complex to pause in a
heparin-resistant state that can resume making genome-in the absence of exogenously added ATP, ternary RdRp
complexes form and pause on the template RNA. length products upon addition of ATP. When the paused
products were allowed to elongate in the presence ofTwo sets of reactions were performed to demonstrate
that a significant fraction of RdRp paused on the template ATP, their abundance decreased and full-length products
were observed (Sun and Kao, unpublished results). Weafter the synthesis of RNAs of 10 to 14 nts and is resistant
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in Fig. 3A. After preincubation for 10 min with vRNA, GTP,
UTP, and CTP, the elongation time in the presence of
ATP and heparin was varied from 0 to 240 min. Products
of discrete lengths which would eventually become full-
length RNAs were visible within 5 min after the addition
of ATP (Fig. 3B, lanes 2), consistent with the previously
observed results in Fig. 1C. However, the maximum
amount of synthesis was not achieved until after 80 min
(Fig. 3C). We observed that RNAs just a bit smaller than
full-length appeared relatively quickly, but the full-length
products seem to require proportionally more time, sug-
gesting that the polymerization of the terminal nucleo-
tides of the RNA was relatively slow. The slower rate of
polymerization of the terminal residues was due to lim-
iting concentration of CTP; when cold CTP to 3 mM were
FIG. 2. Time course of initiation. (A) Protocol for varying the incuba-
added to the reactions the decrease in the rate of poly-tion time of RdRp with template vRNA and nucleotides GTP, UTP, and
merization was not observed.radiolabeled [a32P]CTP. The reagents of the reaction were set up in a
master mix using the listed components. At the indicated initiation time,
Single-round RNA synthesis in the presence ofan aliquot (35 ml) of mixture was transferred to a tube which contained
heparin5 ml of a mixture of heparin (500 ng) and ATP (final concentration of 150
mM). RNA synthesis was then allowed to proceed for 60-min followed by
The simultaneous addition of template RNA and hepa-processing of the samples and native gel electrophoresis (GE). The
rin in excess of 100 ng resulted in severely reducedreaction was terminated after a 60-min elongation that allowed comple-
tion of RNA synthesis. (B) Autoradiogram of products of RdRp reactions RNA synthesis, suggesting that that heparin inhibits the
which were allowed to initiate for 0, 1, 2, 3, 4, 10, 20, 40, and 80 min initiation of RNA synthesis. We next addressed whether
(lanes 1–9). The identities of the products synthesized from the BMV an initiated RdRp ternary complex will retain heparin re-
template RNA products are indicated on the right of the autoradiogram.
sistance for only one round or for more than one round(C) Plot of the RNA products synthesized after various initiation times.
of RNA synthesis. A master RdRp reaction preincubatedThe RNA products from the autoradiogram in (B) were quantified with
a Phosphorimager and the signal was converted to fmols of CMP for 10 min with vRNA and GTP, UTP, and CTP (as dia-
incorporated as indicated under Materials and Methods. grammed in Fig. 4A) was divided into two aliquots, both
of which received ATP, but only one of which received
500 ng of heparin and the other received an equivalent
noticed that in the presence of heparin, a broad smear volume of water. After further synthesis for 0 to 240 min,
which migrated to position slightly lower than ds BMV the products were terminated and then further subdi-
RNA4 was observed (Figs. 1C and 1D). The reason for vided for electrophoresis on an agarose gel to examine
the smear is unknown, but it was not observed in dena- the full-length products and a denaturing polyacrylamide
turing gels and is likely an artifact of agarose gel electro- gel to analyze the abortive initiation products. The prod-
phoresis in the presence of heparin. The smear does not ucts made in the presence of heparin (Fig. 4, open circles
affect quantitation of the products produced by the RdRp. and triangles) are the same as those previously shown
in Fig. 3B and are replotted here for comparison. In the
absence of heparin, synthesis of both genome-lengthTime course of initiation and elongation
products and abortive initiation products accumulated
over the 4 hr period assayed (Figs. 4B and 4C, respec-The time necessary for the formation of a heparin-
resistant initiation complex was determined by the proto- tively). However, when heparin was added after the 10-
min initiation period, RNA synthesis was found to in-col in Fig. 2A. RdRp, vRNA, GTP, UTP, and CTP were
preincubated for a period of 0–80 min, followed by the crease only until genome length products were gener-
ated. The yield of genome-length and abortive productsaddition of heparin and ATP and an incubation of 60 min
to allow completion of RNA synthesis. Formation of full- was approximately sevenfold less in the presence of hep-
arin than in its absence. These results indicate that prein-length (0)-strand BMV RNA products were analyzed on
a 1% agarose gel (Fig. 2B). While products corresponding itiated ternary complex can complete one round of RNA
synthesis in the presence of heparin. Subsequent roundsto the size of (0)-strand BMV RNA4 were visible after
the 1-min preincubation time (and elongation for 1 hr; of initiation cannot take place in the presence of heparin.
Fig. 2B, lane 2), its abundance increased up to the 10-
Progression toward a heparin-resistant ternarymin preincubation. Longer preincubations did not signifi-
complexcantly affect the yield of full-length products (Fig. 2C).
The time necessary for the completion of the synthesis We next determined whether RdRp is resistant to hepa-
rin inhibition after synthesis of nascent RNAs of differentof genome-length RNAs was determined by the protocol
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FIG. 3. Time course for the elongation of one round of RNA synthesis. (A) A brief protocol for the experiment. The indicated reaction components
were mixed together as a master mix. After a 10-min initation period, ATP (final concentration of 150 mM) and heparin (500 ng per reaction) were
added to the reactions to start the elongation of RNA synthesis. At different times 40-ml aliquots were transferred to tubes containing phenol and
chloroform (1:1) to stop elongation, followed by the extraction of RNA products and analysis by native agarose gel electrophoresis (Native GE). (B)
Autoradiogram of the products made after elongation times of 0, 5, 10, 20, 40, 60, 90, 120, 180, and 240 min (lanes 1–10). The positions of the
various RNA products are indicated on the right of the autoradiogram. (C) Plot of the RNA products made vs elongation time. Signals from the gel
in (B) were quantified with a Phosphorimager and then converted to fmol of CMP incorporated as described under Material and Methods.
sizes. The lengths of the nascent RNAs expected to be for 10 min with or without template RNA and with different
combinations of NTPs. After preincubation, the reactionssynthesized from BMV vRNA in the presence of different
nucleotides was presented in Fig. 1A. The protocol used were amended with the components needed to complete
one round of RNA synthesis along with increasingis diagrammed in Fig. 5A. Briefly, RdRp was preincubated
amounts of heparin. After an additional hour of incubation
to allow completion of full-length RNA synthesis, the re-
actions were terminated and processed for gel electro-
phoresis. The amount of RNA synthesized by RdRp for
60 min in the absence of heparin was designated 100%.
The effect of heparin for each set of reaction was normal-
ized to this value.
Several levels of resistance to heparin were observed.
RdRp preincubated without vRNA or NTPs (‘‘Rp’’ in Fig.
5B) was rapidly inhibited to less than 30% activity by 50
ng of heparin. Increasing heparin to 200 ng further re-
duced RNA synthesis to a background level of approxi-
mately 6%. A similar inhibition profile was obtained with
RdRp preincubated with 500 mM GTP but no vRNA (Rp-
G). RdRp not exposed to template RNA is thus completely
FIG. 4. Accumulation of full-length RNA products and abortive 8-nt susceptible to heparin.
products in the presence or absence of heparin. (A) A brief protocol
The addition of vRNA to the preincubation mixture (Rp-for the experiment. The results in Fig. 3B were obtained from the same
V) should result in a binary complex. In the presence ofexperiment as some of those shown here. A master reaction mix was
made and preincubated as described in the legend of Fig. 3. The mix 200 ng of heparin, Rp-V retained 15% of RNA synthesis
was then divided into two aliquots, one of which received ATP (to final ability. This level of RNA synthesis was not affected by
concentration of 150 mM) and heparin (to 500 ng per individual reaction) the inclusion of 500 mM UTP or ATP, two nucleotides
and another which received ATP and (150 mM final concentration) water
which cannot serve as the initiation nucleotide for thein volume equal to the amount of heparin used. At different elongation
formation of a ternary complex. RNA synthesis in thetimes 40-ml aliquots were transferred to tubes containing phenol and
chloroform (1:1) and the reactions extracted to terminate synthesis. The presence of 200 ng of heparin was improved to 40% of
sample was then divided into two equal portions, one for analysis in control when 100 mM GTP was added to RdRp and tem-
a native agarose gel electrophoresis (Native GE) and the other on a plate RNA (Rp-G-V). GTP serves as the initiation nucleo-
denaturing 20% polyacrylamide gel (Denat. GE). (B) The RdRp products
tide and the second nucleotide when RNA synthesis isvisualized on an agarose gel were quantified and plotted against the
directed by virion RNA and will allow the formation ofelongation time. (C) The 8-nt product visualized on a polyacrylamide
gel were quantified and plotted against the elongation time. the first phosphodiester bond (Fig. 1A). Addition of both
AID VY 8583 / 6a37$$$321 05-22-97 08:08:57 vira AP: Virology
68 SUN AND KAO
phosphodiester bond, resulting in a nascent RNA of two
nucleotides. Effects of preincubation with GTP was com-
pared with preincubation with GpG and GMP, two mole-
cules which can serve as primers (Kao and Sun, 1996),
but cannot be incorporated internally within an RNA
chain. Heparin was added to 500 mg per reaction in this
experiment and all reactions were performed in duplicate
(Fig. 6). Consistent with the amount of synthesis in the
presence of 500 mg of heparin in Fig. 5, we found that
preincubation of RdRp with RNA and GTP resulted in
50% of maximal RNA synthesis (Fig. 6B). The inclusion
of GMP at 100 or 500 mM did not improve the stability
of the complex to above the 30% level previously seen
when RdRp was preincubated with only vRNA (Fig. 6B).
GpG at 200 mM and the combination of GpG and UTP
failed to increase the stability of the complex. Therefore,
the presence of a mono- or dinucleotide primer is not
sufficient for improving the stability of the RdRp complex
on the template RNA.
Next, we examined whether the GTP-induced improve-
FIG. 5. Level of resistance to heparin is influenced by the stage of
ment in the stability is due to the formation of the firstthe initiation. (A) A brief protocol for the experiment. RdRp was incu-
phosphodiester bond. Since GMP can serve as a primerbated with nine different sets of conditions as follows: no additional
components (Rp); GTP (Rp-G); vRNA (Rp-V); ATP and vRNA (Rp-A-V); for initiation of RNA synthesis, we compared the effects
UTP, and vRNA (Rp-U-V); GTP, and vRNA (Rp-G-V); GTP, UTP, and vRNA
(Rp-GU-V); GTP, UTP, CTP, and vRNA (Rp-GUC-V); and all four NTPs
and vRNA (Rp-GUCA-V). After a 10-min preincubation, each set was
divided into 5 aliquots and heparin from 0, 50, 100, 200, and 500 ng
were added along with all the remaining components needed for elon-
gation. All the reactions were further incubated for 60 min to allow the
completion of RNA elongation before processing and electrophoresis
in a native agarose gel. (B) Plot of RNA synthesis vs the heparin concen-
tration. The RNA products on the agarose gel were quantified with a
Phosphorimager and then normalized to the percentage of RNA pro-
duced in the absence of the heparin. The combination of components
used in each set of reactions are noted on the right of the figure.
UTP and GTP in reaction Rp-GU-V did not significantly
alter the amount of synthesis even though the second
phosphodiester bond might have formed (Fig. 1A). Fi-
nally, preincubation with template and nucleotides GTP,
UTP, and CTP (Rp-GUC-V) resulted in a ternary complex
which was indistinguishable in heparin resistance to Rp-
GUCA-V. Heparin at 200 ng decreased synthesis from
the RdRp-GUCA-V reaction to 70% of the reaction which
was not treated with heparin. The decrease is likely due
to heparin limiting RNA synthesis to one round even
though slightly more than one round can take place dur-
FIG. 6. Effect of GTP and primers on the level of resistance to heparin.ing the 60-min incubation period of the control. These
(A) A brief protocol for the experiment. RdRp, vRNA, and different nucle-results identified three levels of stability in the transitions
otide(s) or oligonucleotide primers were preincubated for 10 min prior
from template binding to a ternary complex with a na- to the addition of 500 ng of heparin and the remaining NTPs needed
scent RNA of between 10 and 14 nt. for elongation. The reactions were then incubated for 60 min before
Since preincubation of RdRp with template and 100 processing for native gel electrophoresis. (B) The RNA products were
quantified with the Phosphorimager and then normalized to the per-mM GTP alone improved RNA synthesis in the presence
centage of products made in a reaction, which was preincubated withof heparin, we further analyzed the role of GTP in the
all components needed for RNA synthesis and then elongated in the
formation of the heparin-resistant RdRp complex. GTP presence of heparin. The relevant components added to the preincuba-
can function in RNA synthesis by acting as a primer, tion reaction and their final concentrations are noted below the bar
graph. Each bar represents the result of one assay.and by serving as substrate for the formation of the first
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of preincubation of RdRp and RNA with: (1) 100 mM GMP,
(2) 30 mM GTP, or (3) 100 mM GMP and 30 mM GTP.
GMP at 100 mM is in excess of the Km value for GTP of
50 mM (Kao and Sun, 1996) and can serve as a substitute
for the first nucleotide. The 30 mM GTP should not be
sufficient to significantly contribute to the synthesis of
the first phosphodiester bond in the absence of GMP.
Indeed, this was confirmed in reactions where RdRp was
preincubated with vRNA and 30 mM GTP, but no GMP
(Fig. 6B). Complexes formed with preincubation of GMP
and GTP increased the stability of the complex to approx-
imately 40%, an improvement over all reactions preincu-
bated with only GMP or other primers. The synthesis
was not restored to the 50% level observed with GTP
probably because GMP is not the preferred initiation nu-
cleotide by RdRp (Kao and Sun, 1996). Nonetheless, the
improvement in the presence of GMP and GTP suggests FIG. 7. Use of two RNA templates of different sizes by the BMV RdRp.
(A) A brief protocol for the experiment. Since some of the reactionsthat the formation of the first phosphodiester bond in-
were incubated twice before the commencement of RNA synthesis, wecreases the commitment of RdRp to the template RNA.
shall refer to the first 10 min as ‘‘preincubation’’ and the second as an
‘‘incubation.’’ RNA synthesis was allowed to proceed for 60 min in the
RdRp-template commitment using templates of presence of heparin (at 500 ng per reaction) and ATP to final concentra-
tion of 150 mM was added prior to extraction of the products, agarosedifferent sizes
gel electrophoresis, and autoradiography. (B) Autoradiogram for analyz-
ing the RNA products. Products synthesized from the vRNA are indicatedWhile the use of heparin allows us to determine the
by 1–4 on the right of the autoradiogram. Synthesis from the secondstability of the ternary RdRp complex, it precludes direct
template, the shorter B3-198, is indicated on the bottom of the autoradio-
measurement of the activity of RdRp which leaves the gram. The products in lanes 1–6 were made from reactions that con-
RNA template. To directly measure the frequency at tained 1:1 ratio of virion RNA to B3-198 RNA. Products in lanes 7–12
were from reaction which contained 1:50 ratio of vRNA to B3-198 RNA.which RdRp dissociates under specific initiation condi-
tions, we used a second template which is the terminal
198 nucleotides of (/)-strand BMV RNA3. This template,
the RdRp–GUC–vRNA complex for an additional 10 minhence called B3-198, contains all of the sequences and
before the addition of ATP (Fig. 7; lane 6). RdRp hadstructures necessary to direct the synthesis of a comple-
thus committed to the vRNA after nascent strand RNAmentary (0)-strand RNA (French and Ahlquist, 1988). The
synthesis in the presence of G,U, and C, and only astrategy of using a competitor promoter was previously
limited fraction of RdRp was released from associationused to characterize the interaction of T7 RNA polymer-
with the first template.ase and template RNA during initiation (Diaz et al., 1996).
The different incubations described immediatelyWe first ensured that both vRNA and B3-198 are effec-
above were also performed with 50-fold excess of B3-tive templates in our reactions. Equal molar amounts of
198 to vRNA (Fig. 7B, lanes 7–12). The observed resultsB3-198 and vRNA were used in separate RdRp reactions,
are similar to the ones from the equal ratio of the twoand each generated easily detectable amounts of prod-
RNAs. Switching of the RdRp from vRNA to B3-198 wasucts (Fig. 7B, lanes 2 and 4). Equal molar of vRNA and
observed only at a low frequency even when competitorB3-198 added simultaneously to RdRp reactions resulted
RNA was highly abundant.in (0)-strand RNA synthesis from both templates in the
The time needed for RdRp to commit to vRNA waspresence of heparin (Fig. 7B, lane 1). Higher abundances
determined by adding B3-198 (at a 10-fold-molar excessof (0)-strand RNA synthesis was observed in the ab-
of vRNA) at different times after the preincubation (Fig.sence of heparin, consistent with our previous claim that
8). When the two templates were presented to RdRpheparin inhibits multiple rounds of RNA synthesis (Fig.
simultaneously, synthesis from B3-198 predominated7B, lane 3). The difference observed here is not as dra-
and accounted for 82% of the products made (Fig. 8B,matic as that shown in Fig. 4 due to the shorter incubation
lane 1). However, when RdRp was preincubated withtime in this experiment.
vRNA for increasing amounts of time, utilization of B3-Next, we preincubated RdRp with vRNA for 10 min in
198 as template concomitantly decreased. After a 0.1-the presence of only GTP, UTP, and CTP, then added
min preincubation of RdRp with vRNA, products from B3-B3-198. Very little synthesis was directed by B3-198; over
198 accounted for 72% of the total products. After a 5-min98% of the synthesis was directed by vRNA (Fig. 7B,
preincubation, only 30% of the products were synthesizedcompare lanes 2 and 5). Synthesis from B3-198 was only
slightly improved when it was allowed to incubate with from B3-198 (Fig. 8C). A 10-min preincubation resulted
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improvement when GTP, CTP, and UTP were present.
These results are qualitatively consistent with those in
Fig. 5 where heparin was used to assay the stability of
the interaction between RdRp and template RNA.
DISCUSSION
RNA synthesis by the BMV RdRp is highly template
specific (Hardy et al., 1979). Until recently, characteriza-
tion of RNA synthesis by RdRp has primarily focused on
the effect of mutations in the RNA template (Dreher et al.,
1988; Marsh et al., 1988; French and Ahlquist 1988a,and
1988b; Pogue and Hall, 1992) or on mutations in the
replication proteins which affected the overall level of
synthesis (Kroner et al., 1990; Traynor et al., 1991). OurFIG. 8. Time needed for RdRp to commit to vRNAs. (A) Protocol for
goal is to characterize the steps in RNA synthesis. Wethe experiment. RdRp, vRNA (950 nM), GTP, UTP, and CTP were mixed
have previously defined the requirements for use of thealong with the reaction buffer. At 0, 0.1, 0.5, 1, 2, 5, and 10 min, an aliquot
was transferred to a new tube which included B3-198 (9.5 mM). The initiation nucleotide (Kao and Sun, 1996) and demon-
reactions were then incubated for 10 min more in the absence of ATP. strated and characterized the production of abortive initi-
After this heparin and ATP were added to allow one round of full-length ation products (Sun et al., 1996). Using the protocolsRNA synthesis. The samples were then processed for native gel electro-
developed during these previous studies, we now extendphoresis (Native GE) and autoradiography. (B) Autoradiogram of the
RdRp products with the identity of various RNAs indicated on the right.
in synthesis from B3-198 of 13% while synthesis from
vRNA accounted for the remaining 87%. Longer preincu-
bation periods did not alter the amount of RNA synthesis
from the two templates (data not shown).
The use of two sets of functional templates will allow
us to dissect the steps in RNA synthesis and thus confirm
the results previously presented in Fig. 5. We assembled
RdRp complexes with progressively longer nascent RNA
strands and then assayed each for the products from
vRNA or the 10-fold more abundant B3-198 (Fig. 9). All
of the reactions were limited to one round of synthesis
by the addition of heparin along with ATP to allow for
continued RNA synthesis. Also, all assays were per-
formed as four independent samples and the means and
standard deviations are shown in Fig. 9B. As a control,
RdRp was preincubated for 10 min in the absence of any
template or nucleotides and then exposed simultane-
ously to both vRNA and B3-198. As expected, the more
abundant B3-198 was overwhelmingly used (Fig. 9B).
FIG. 9. RdRp commitment to vRNA as a function of the stage of
Preincubation of the RdRp with only the vRNA increased nascent RNA synthesis. (A) A brief protocol for the experiment. The
the amount of products made from 0.3 to 1.9 1 105 mole- RdRp was preincubated for 10 min with six different combinations of
components, with: (1) no additional components; (2) only vRNA; (3)cules. This level of template commitment was not signifi-
vRNA and GMP; (4) vRNA and GTP; (5) vRNA, GTP, and UTP; (6) vRNA,cantly altered when GMP was added to the preincubation
GTP, UTP, and CTP. The reactions were then amended with 10-fold-step. However, preincubation of RdRp with either vRNA
molar excess of B3-198 and any of the missing components including
and GTP or the combination of GTP and UTP resulted in vRNA, GTP, UTP, and CTP. The reactions were further incubated for
an increase in template commitment and prevented a 10 min to allow a stable initiated complex to form. Then ATP was added
to permit elongation and heparin was added to limit the synthesis tosignificant level of switching to B3-198. The affinity of
one round. All of the samples were processed for agarose gel electro-RdRp–RNA interaction appears to increase with the pro-
phoresis (Native GE) and autoradiography. (B) A plot of the RNA prod-duction of longer nascent RNA. We observed three levels
ucts resolved on the agarose gel, quantified using a Phosphorimager.
of stabilities: an initial level when the RdRp associates The number of RNA molecules synthesized from four independent reac-
with the first template RNAs, a noted improvement upon tions were calculated using known amounts of CTP quantified with the
same Phosphorimager.the addition of 500 mM GTP (but not GMP), and a slight
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Binary complex
As proposed in Fig. 10, the transition from initiation
to elongation occurred through three stability levels as
detected by both heparin inhibition and analysis for the
ability of RdRp to switch templates. The first step of the
initiation of RNA synthesis is the formation of a binary
complex between template and RdRp. Under our assay
conditions, this binary complex is unstable since it is
disrupted by heparin (Fig. 5). Also at this step, RdRp canFIG. 10. A model for the transitions of RNA synthesis from initiation
to elongation by RdRp. The stability of the RNA synthesis complex switch to a second template. Only 20–30% of RNA prod-
increased in three distinct steps with two transitions. First, RdRp (ellipse) uct was generated from the original BMV RNA template
binds to the tRNA structure (represented by a three-leaf clover) of the when competitive template was added after the preincu-
BMV vRNA to form a binary complex of RdRp–RNA. After the synthesis
bation (see Fig. 9). The data suggest that free and tem-of nascent RNA, the ternary complex then undergoes a transition to a
plate-bound RdRp exist in an equilibrium state beforestructure which is more tightly associated with the template RNA, having
a second stability level. A last transition occurs when further incorpora- the initiation of RNA synthesis. Once dissociated, the
tion of CTP generates the short nascent RNA chains of 8 to 14 nt in presence of heparin or other RNAs in the reaction com-
length. The latter ternary complex is now committed to template and pete for the dissociated RdRp.
will resist challenge by heparin and by other template RNAs.
First transition
the analysis to the transition RdRp makes from initiation
Preincubation of RdRp, vRNA, and 100 mM to 500 mMto elongation. After the synthesis of between 3 and 13
GTP led to the transition in RdRp–RNA interaction tophosphodiester bonds, the majority of RdRp can be
the second stability level. The first 2 nucleotides in thepaused on the template RNA as a ternary complex resis-
nascent RNA are both guanylates, thus GTP can act astant to heparin that will not release and use another
a primer and the target nucleotide for the first phosphoryltemplate. Furthermore, three distinct levels of stability to
transfer. Our results suggest that GTP-induced stabilityheparin were identified, indicating that two transitions
is the result of the formation of the phosphodiester bondoccur as RNA synthesis progresses from initiation to
rather than the priming of RNA synthesis because prim-elongation (Fig. 10).
ers which can saturate the initiation nucleotide bindingUsing reaction conditions that lacked ATP, we were
site cannot substitute for GTP. Furthermore, the combina-able to pause the RdRp as a stable ternary complex that
tion of GMP (which acts as a primer) and sub-Km levelshad already synthesized RNAs of between 10 and 14
of GTP was able to improve the stability of RdRp–tem-nt. Not all of the ternary complexes stop after the tenth
plate RNA interaction.nucleotide (Fig. 1B, lane 2), as would be predicted from
The formation of the first phosphodiester bond maythe template sequence, which was probably due to slight
directly trigger a change in the conformation of the RdRpcontamination of nucleotides in the reactions (Fig. 1A).
complex or act indirectly through the formation of anThe contaminating nucleotide was difficult to remove de-
RNA–RNA hybrid. The latter hypothesis would suggestspite the use of high purity NTPs and reagents that were
that increases in the length of the nascent RNA productpurified twice through gel-filtration columns. Similar re-
would result in a linear increase in the stability of theadthroughs of the predicted pause sites were also ob-
ternary complex. We have only limited data to addressserved with preparations of E. coli RNA polymerase
this issue, but preincubation of RdRp with the dinucleo-(Levin et al., 1987; Carpousis and Gralla; 1985). The read-
tide primer GpG and UTP (capable of forming three base-through is limited and should not interfere with our inter-
pairs with the template RNA) did not result in higher levelpretations of the results for several reasons. First, the
of heparin resistance than did preincubation with GTPreactions used to examine readthrough synthesis (Fig.
alone (allowing two basepairs; Fig. 6B). Furthermore, pre-1B) were incubated for 45 min while the reactions used
incubation with GTP and UTP did not result in a moreto analyze stability of the RdRp complex were routinely
stable ternary complex than GTP alone. Thus, we favorincubated for only 10 min. Levin et al. (1987) observed
the hypothesis that the change in stability is due to athat readthrough products made by the E. coli RNA poly-
conformational change in the RdRp.merase accumulated after longer incubations. Second,
Initiation of RNA synthesis by the bacteriophage Qbthe BMV RdRp requires higher concentrations of GTP for
replicase also occurred with two GTP molecules. Highinitiation (Kao and Sun, 1996) and thus we do not expect
amounts of GTP induced the Qb replicase to acceptsignificant amounts of initiation in the absence of exoge-
nonviral templates (Blumenthal, 1980), but did not deter-nous GTP. Finally, we found that no products, not even
mine the rate of RNA synthesis, a result interpreted tooligonucleotides, were synthesized by RdRp when only
indicate a conformational change in the replicase whichradiolabeled CTP was present in the reaction (Sun, data
not shown). leads to an altered affinity of enzyme for the RNA tem-
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plates. Conformational changes in the E. coli, and T7 Evidence consistent with this model has been observed
with turnip crinkle virus (Carpenter and Simon, 1996;RNA polymerases and vaccinia virus transcriptional ap-
paratus have been measured directly by several meth- Nagy et al., 1997).
ods, including DNA footprints and nondenaturing gel
Second transitionelectrophoresis (Ikeda and Richardson, 1986; Levin et
al., 1987; Straney and Crothers, 1985; Hagler and Shu- The second transition in RdRp–RNA interaction occurs
man; 1992). Due to the lack of RdRp of sufficient purity, between the synthesis of the third and the thirteenth
we cannot presently measure the affinity of RdRp–RNA phosphodiester bonds leading to the third stability level.
interaction by more biophysical assays. In the presence of GTP, UTP, and CTP nascent RNA
synthesis should be to 10 nt. We observed the RNA of
10 nt was the prevalent product, but lesser amounts ofAbortive synthesis
12- and 14-nt RNAs were also observed. Thus, it is diffi-
During the initiation phase of RNA synthesis, E. coli cult to pinpoint whether further changes in stability occur
RNA polymerase can produce complementary oligonu- between the third and the thirteenth phosphodiester
cleotides reiteratively in a process called abortive initia- bonds. However, this second transition resulted in the
tion. Abortive product synthesis by the E. coli RNA poly- same level of stability as in the complex which was al-
merase occurs without dissociation from the DNA be- lowed to synthesize for 10 min in the presence of all four
cause such synthesis is resistant to heparin (Carpousis NTPs. The E. coli RNA polymerase ternary complex was
and Gralla; 1980) and the polymerase does not release reported to be stable after the formation of approximately
from the template as determined by chemical and enzy- the tenth phosphodiester bond with several promoters
matic probes (Carpousis and Gralla, 1985). Instead, the of different strengths (Levin et al., 1987; Carpousis and
oligonucleotide products dissociate from the initiated Gralla, 1985; Stranley and Crothers; 1987). Martin et al.
complex when they are not elongated. With the T7 RNA (1988) observed that the incorporation of approximately
polymerase, a wider set of template conditions in the 8 nt will allow the T7 RNA polymerase to proceed from
initiation stage were examined (Diaz et al., 1996). Stability abortive to productive RNA synthesis. The sequence of
of the T7 initiation complex was found to be affected by the template may influence the timing of the transition in
whether the template is single- or double-stranded and T7 RNA synthesis since nascent RNAs shorter than 10
whether the DNA is relaxed or supercoiled. With su- nt have been reported to form stable ternary complexes
percoiled template, the initiation complex is relatively (Ikeda and Richardson, 1986).
stable, with a half-life of approximately 14 min (Ibid). The steps in RNA synthesis by RdRp appear to be
In the course of RNA synthesis by the BMV RdRp, overall similar to transcription by DNA-dependent RNA
abortive oligonucleotides up to 8 nt in length are gener- polymerases. The need for higher concentrations of the
ated in molar excess of the full-length RNA using BMV initiation nucleotide or primer (Kao and Sun, 1996; Martin
RNA as template (Sun et al., 1996). The synthesis of the and Coleman, 1989), the production of abortive initiation
abortive 8-nt product and other oligonucleotides by the products, and the step-wise transition of RdRp from an
RdRp is sensitive to heparin (Fig. 4C), suggesting that unstable binary complex to an elongation-competent ter-
the RdRp may dissociate from the RNA templates at a nary complex described in this communication are com-
significant rate during abortive product synthesis. The mon features. These similarities are to be expected since
BMV RdRp may be unstable because of the structure of all polymerases seem to contain common structural mo-
the template RNA. Since RNA initiation occurs near the tifs and the Mg2/-coordinated phosphoryl transfer activity
3* end of the template RNA, the lack of contact sites 3* (Joyce and Steitz, 1995). However, documenting steps in
to the initiation nucleotide may promote dissociation of RNA synthesis by RdRp is necessary for comparison of
the initiation complex. the mechanism of action of different polymerases and
We have evidence that the dissociated RdRp will re- to better understand viral RNA replication. Some details
lease the nascent RNA (Sun and Kao, unpublished obser- between DdRp and RdRp mechanisms should differ due
vation). It would be interesting to determine whether the to different templates used and because RdRp may initi-
abortive initiation products can serve as primers for a ate RNA synthesis near the ends of the template. The
subsequent round of RNA synthesis, as is the case for release of RdRp during abortive synthesis presents one
T7 RNA polymerase (Moroney and Piccirille. 1991). For potential difference. Finally, our conditions for the manip-
viruses with multiple genomic RNAs with identical 3* ulation of RNA synthesis will facilitate further functional
ends, as is the case for the tripartite viruses (Goldbach, analyses of the mechanism of RNA replication and the
1991), such a mechanism would allow the abortive prod- development of inhibitors specific for viral RdRp.
ucts from one RNA to repair small deletions at the 3*
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